











Positional clustering of genes has been reported both in prokaryotes and 
eukaryotes. The cluster of co-expressed genes is mainly due to the presence of 
operons in prokaryotes. An operon is a cluster of adjacent genes which are 
coexpressed from a single promoter. In many cases, these operons contain genes 
that are functionally related to each other, thereby facilitating co-regulation.  
In general, operons are missing from eukaryotes. Eukaryotic genes appear to be 
transcribed individually and are arranged on chromosomes without apparent 
organization by function or by positional expression. However, positional 
clustering has been recently reported in eukaryotes such as Saccharomyces 
cerecisiae [6], Caenorabdities elegans [3, 34], Drosophila melanogaster [1, 39] 
and Homo sapiens [24].  
Cohen et al. [6] observed that adjacent pairs of genes, as well as nearby non-
adjacent pairs of genes show correlated expression independent of their 
orientation in Saccharomyces cerecisiae using chromosome correlation maps. 
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patterns of genes on the same chromosome. Cohen and his colleagues observed 
that the closer the two genes, the more likely that they would be coexpressed. A 
substantial number of adjacent pairs had correlated expression patterns 
(correlation coefficients greater than 0.7). In addition to adjacent correlated genes, 
correlation maps also revealed regularly spaced groups of correlated genes along 
the chromosomes, which may be indicative of higher-order chromosome structure. 
They suggested that in certain chromosomal expression domains, an upstream 
activating sequence could influence the transcription of genes that were not 
immediately downstream from it. 
Roy et al. observed chromosomal clustering of muscle-expressed genes in 
Caenorhabditis elegans [34]. A method called messenger RNA tagging was 
developed to isolate muscle mRNA so that they could examine the chromosomal 
positions of the genes expressed in the muscle cells of Caenorabdities elegans. 
The basis of mRNA tagging is to use a characterized promoter to express an 
epitope-tagged mRNA-binding protein in tissues of interest. Messenger RNA 
from specific tissues would co-immunoprecipitate with mRNA-binding protein by 
using an anti-epitope monoclonal antibody. DNA microarrays were used to 
identify mRNAs that have been enriched by co-immunoprecipitation. Using this 
method, they revealed that co-expressed genes in C. elegans were clustered in 
groups of 2-5 genes along the chromosome even after removal of operons and 
tandem duplicated genes [34]. Martin J. Lercher et al. [25] analyzed the 
relationship between gene location and expression in C. elegans and concluded 
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to operons and duplicated genes. Besides, at a very local level, nonduplicated 
genes on opposite strands showed similar expression patterns (hence not in 
operons). This suggests that such genes may share regulatory elements or be 
regulated at the level of chromatin structure. 
Spellman et al. [39] found that when genes were organized according to their 
positions along the chromosome, numerous groups of physically adjacent genes 
shared strikingly similar expression profile. They obtained Drosophila gene-
expression profile using oligonucleotide microarrays. Each group contains from 
10 to 20 genes and these clustered genes account for 20% of the total assayed 
genes. Majority of these clusters consist of genes with unrelated functions. By 
mapping Expressed Sequence Tags (EST) back to Drosophila genome, Alexander 
et al. [1] obtained EST representation profile for specific tissues. They performed 
a genome-wide analysis of chromosomal distribution of co-expressed tissue-
specific genes in Drosophila. Totally 1661 testes-specific genes were identified, 
one third of which are clustered on chromosomes. The number of clusters of three 
or more genes is much higher than expected by chance.  
In mammals’ genome, it was often supposed that genes are randomly distributed 
on the genome except for tandem duplications. However, clusters of highly 
expressed genes were revealed in the human genome [5, 24].  Two studies were 
carried out on the expression level of co-localized human genes. Using SAGE 
(Serial Analysis of Gene Expression), Caron et al. [5] analyzed the gene 
expression profiles for many chromosomal regions in carious tissue types. This 





Genome Scale Analysis of Positional Clustering of Mouse Testes-specific Genes 
Expression), showing a clustering of highly expressed genes. A similar study was 
conducted by Lercher et al. They examined SAGE data for 14 tissues of human 
and found significant clustering in each tissue even after removal of tandem 
duplicates.  And by comparing gene expressed in different tissues, they showed 
that the tissue-specific genes didn’t appear clustered. Thus the result suggested 
that such RIDGEs that Caron et al. have found might mostly consist of 
housekeeping genes and no clusters of genes with similar tissue expression 
profiles were identified [24]. 
In order to analyze higher eukaryotes tissue specific expression, many studies 
were based on sets of genes expressed in a given tissue. Gabrielsson et al. [14] 
performed a microarray analysis of genes expressed in the human adipose tissue. 
Mapping these genes back on the human genome, they revealed existence of 
clusters of adipose tissue specific genes. Using EST (Expressed Sequence Tag), 
Dempsey et al. [8] focused on genes from chromosomes 21 and 22 expressed in 
the human cardio-vascular system. They showed some chromosomal clustering of 
these genes.  An EST analysis of the murine placenta by Ko et al. [22] identified 
clusters of placenta specific genes. Alexander et al. found large clusters of testes-
specific genes on Drosophila genome by EST profiling [1].  Finally Karine et al. 
[21] identified clusters of genes specifically expressed in similar tissues along 
human chromosomes 20, 21 and 22 by using EST. Overall, these studies suggest 
that clusters of tissue specific genes do exist in eukaryotes, and might be more 
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According to recent studies, these clusters consist of both housekeeping genes and 
those who exhibit similar tissue specificity. Until now, genome scale analysis of 
tissue-specific gene expression profile in mammals is still limited due to the 
difficulties in obtaining tissue-specific genes of the whole genome. Here we 
performed a genome-wide analysis of distribution of testes-specific genes on 
mouse genome.  
We used the publicly available EST database to identify mouse testes-expressed 
ESTs and embryo-expressed ESTs respectively. By mapping testes-expressed 
ESTs back to mouse genome and assembling overlapped ESTs into UniGene, we 
obtained testes-expressed genes and their expression profile. In the same way we 
got embryo-expressed genes and corresponding expression profile. Testes-specific 
genes were generated by subtracting embryo-expressed gene expression profile 
from testes-expressed one. From the testes-specific gene expression profile, 
clustered genes were observed. In total, 61.3% (2114/3449) of the testes-specific 
genes formed 753 clusters distributed on 20 chromosomes of the mouse genome. 
Statistics showed obvious significance of testes-specific gene clusters along 
mouse genome except on chromosome 18 and chromosome X. Differences 
between the stochastic distribution and the distribution revealed by EST profiling 
were observed both in the number of genes included in clusters and in cluster sizes 
distribution.  Our result reveals testes-specific genes tend to cluster on the mouse 
chromosomes. The distribution of testes-specific genes showed obvious bias from 
expected as well as stochastic distribution. Clusters of testes-specific genes still 
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considerable clusters of tissue specific genes do exist in higher eukaryotes. This 
finding may result from a higher order organization of genes within the genome. 
Our results provide further support for the hypothesis favored by Spellman that 
chromatin domain model may involve the regulation of higher eukaryotes gene 
expression.  
We observed mouse testes-specific gene tended to cluster on the chromosomes. 
This conclusion is inconsistent with what Lercher et al. have proposed in human 
genome [24]. Lercher et al. suggested that human tissue-specific genes didn’t, as 
a rule, cluster. However, our results quite agree well with the similar work done 
on Drosophila melanogaster by Spellman et al.  [39] and Alexander et al. [1]. 
The rest of the thesis is organized as follows: Chapter 2 describes two established 
mechanisms resulting in positional clustering of genes. Chapter 3 proposes an 
EST based testes-specific gene identification method, the way we obtain testes-
specific gene expression profile and approaches to testify the significance of gene 
clusters. Chapter 4 presents experimental results and illustrations of testes-specific 
gene clusters, as well as statistical analysis of these results, while chapter 5 
discusses the possible mechanisms leading to tissue-specific gene cluster in mouse. 
And chapter 6 concludes the thesis and summarizes our key contributions and 




















In this chapter, we introduce two established mechanisms of gene cluster: operon 
and gene duplication in prokaryotes and eukaryotes respectively. In operon part, 
two types of operon: Lac operon and Trp operon are described and in gene 
duplication part, globin gene cluster and hox gene cluster serve as two 
representatives to be presented. 
The regulation of gene expression is a fundamental process within every cell that 
often allows control over a gene’s activity. It has been established that 
transcription of a gene depends on a promoter sequence located within a few 
hundred base pairs from the transcriptional start site. Promoter activity is 
modulated by sequence-specific transcription factors that physically interact either 
with the protein complexes that make up the core transcriptional machinery or 
with the promoter sequence itself [26]. Due to the existence of all kinds of 
regulatory mechanisms of gene expression, the distribution of genes on the 
chromosome of organisms is not generally random. One proof of non-random 
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neighboring genes). Gene clusters have been found in both prokaryotes and 
eukaryotes but the reasons leading to formation of clustered genes are different. 
So far there are two established mechanisms for co-expression of neighboring 




Operon is  a segment of DNA containing adjacent genes including structural 
genes and an operator gene and a regulatory gene. In prokaryotes, operons 
represent a common form of gene organization [3]. In operons, the cluster of 
genes that are expressed from the same promoter is processed by trans-splicing to 
form separate mRNAs [2]. In many cases, these operons contain genes that are 
functionally related to each other, thereby facilitating coregulation.  
2.1.1. Introduction of operon 
Microorganisms exhibit remarkable capacities to adapt to various environmental 
conditions. This adaptability partly depends on their striking ability to turn on and 
turn off the expression of specific sets of genes in response to the environmental 
changes. Gene expression in prokaryotes is regulated at several different levels: 
transcription, mRNA processing, mRNA turnover, translation, and posttranslation. 
Although gene expression can be regulated at many levels, transcriptional 
regulation is the most common.  
Products of housekeeping genes are those essential components of almost all 
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subunits, and enzymes catalyzing metabolic process. Gene that specify products of 
this type are continually being expressed in most cells and are referred to as 
constitutive genes [26].  Other gene products are needed for cell growth only 
under certain environmental conditions. Genes that encode enzymes involved in 
catabolic pathways, such as lactose and galactose, are often expressed only in the 
presence of the substrates of the enzymes; their expression is inducible. Genes that 
encode enzymes involved in anabolic pathways, such as five genes that encode 
enzymes catalyzing biosynthesis of tryptophan, are usually turned off in the 
presence of the end product of the pathway; their expression is repressible [10]. 
Prokaryotic gene expression is controlled by both positive and negative regulatory 
mechanisms. In positive control mechanisms, the product of a regulator gene, an 
activator, is required to turn on the expression of the structural genes. In negative 
control mechanisms, the product of a regulator gene, a repressor, is necessary to 
turn off the expression of the structural genes. Activators and repressors regulate 
gene expression by binding to regulator protein binding sites adjacent to the 
promoters of structural genes. The operon model, a negative control mechanism, 
was proposed in 1961 by Francois Jacob and Jacques Monod to explain the 
regulation of genes encoding the enzymes required for lactose utilization in E.coli 
[10]. In later research, it has been found that in prokaryotes, genes with related 
functions are frequently expressed in coordinately regulated units (operons). Each 
operon contains a set of contiguous structural genes, a promoter (the binding set 
for RNA polymerase) and an operator (the biding site for a regulatory protein 
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promoter regions and usually located between the promoter and the structural 
genes that they regulate.  
When repressor is bound to the operator, it prevents RNA polymerase from 
transcribing the structural genes in the operon. When the operator is free of 
repressor, RNA polymerase can transcribe the operon. Whether the repressor will 
bind to the operator and turn off the transcription of the structural genes in an 
operon is determined by the presence or absence of effector molecules that form 
complexes with the regulator proteins. The effector molecules are usually small 
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2.1.2. Lac operon 
Jacob and Monod proposed the operon model largely as a result of their study of 
the lactose (lac) operon in E.coli. The lac operon is a representative inducible 
operon, which contains a promoter (P), an operator (O), and three structural genes, 
lacZ, lacY and lacA. lacZ, lacY and lacA encode enzymes β-galactosidase, β-
galactosidase permease, and β-galactosidase transacetylase, respectively (Box 1) 
[16]. The regulator (repressor) gene (I) is adjacent to the operon in the case of lac. 
The I gene transcribes an mRNA that is translated into a repressor protein. The 
repressor protein binds to a specific site on the O gene, preventing RNA 
polymerase binding to the promoter, thus preventing the initiation of transcription 
of the structural genes in the operon. The regulator gene has its own promoter (PI).  
In the induced state, lactose, acting as an effector molecule, binds to the repressor 
protein and changes the properties the repressor protein so that it cannot bind to 
the O gene. In the absence of binding of the repressor to the O gene, RNA 
polymerase binds to the promoter (P) and transcription of a polycistronic message 
of the Z, Y and A genes occurs [15]. Subsequent translation of the messenger 


















Figure2. Lac operon [48] 
 
The Lac operon consists of a set of structural genes coexpressed as a polycistronic mRNA which is
translated into three enzymes working on the lactose metabolism system. 
I region: codes for repressor protein     
P-Promoter: region of DNA where RNA polymerase will initiate transcription.  
O-Operator: act as go or stop signal of transcription 
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                                                    Figure3. Induction of lac operon [47]  
Induction - the production of a specific enzyme (or set of enzymes) in response to the presence of a 
substrate. Gene transcription can be switched on and off by gene regulation proteins. The lac operon in 
E.Coli is an example of that dual control. Glucose and lactose levels control the initiation of 
transcription of the lac operon, i.e. whether the lac operon is switched "ON" or "OFF".  
In an E. Coli cell growing in the absence of lactose, a repressor protein binds to the operator, preventing
RNA polymerase from transcribing the lac operon's genes. The operon is OFF.  
When the inducer, lactose, is added, it binds to the repressor and changes the repressor's shape so as to
eliminate binding to the operator. As long as the operator remains free of the repressor, RNA
polymerase that recognizes the promoter can transcribe the operon's structural genes into mRNA. The
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2.1.3. Trp operon 
The trp operon of E.coli is probably the best known negative repressible operon. 
The organization of the trp operon is shown in Box 3. In the absence of 
tryptophan (the co-repressor), RNA polymerase binds to the promoter region and 
transcribes the structural genes of the operon. In the presence of tryptophan, the 
co-repressor/repressor complex binds to the operator and prevents RNA 
polymerase from initiating transcription of the structural genes in the operon (Box 
4). The other level of regulation of the trp operon is called attenuation which I 
don’t introduce here. 
Operon is a regulation mechanism that involves the rapid turn-on and turn-off 
gene expression in response to environmental changes. Regulatory mechanism of 
operon is important in microorganisms because of the frequent changes in 
environment. It provides microorganism with ability to adjust their metabolic 
processes rapidly in order to achieve maximal growth under various 
environmental conditions. The synthesis of gene transcripts and translation 
products requires considerable energy and substance. By turning off the 
expression of genes when their products are not needed, an organism can save 
energy and can utilize the conserved energy to synthesize products that maximize 
growth rate, which would be a competitive advantage [10]. 
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Figure4. Trp operon  
 
 
The trp operon consists of a set of structural which is translated into five enzymes responsible
for the synthesis of tryptophan. The trp repressor (trpR) binds the operator region of the trp
operon only when bounded to tryptophan. This makes tryptophan a co-repressor of the operon. P
and O represent promoter and operator respectively. The trpL gene encodes a non-functional
leader peptide which contains several adjacent trp codons. The structural genes of the operon
responsible for tryptophan biosynthesis are trpE, D, C, B and A. When tryptophan level is high,
some trytophan which binds to the repressor then the repressor complex 
 
binds to the operator
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Box 4. Repression of Trp Operon 
 
Figure5. The repression of trp operon [49] 
Repression - the cessation of production of a specific enzyme (or set of enzymes) in response to an
increased level of a substrate. 
In the absence of tryptophan, the repressor dimer (called the aporepressor because it is not bound to
tryptophan) cannot bind to the repressor. In this condition, the operon is ON. 
However, when tryptophan is bound to the repressor dimer, the repressor changes configuration so that it
can bind to the operator and the operon is OFF. In this case, tryptophan is called a co-repressor. This is
different from the lac operon, where lactose (allolactose) is called the inducer. 
So far this is very much like the lac operon, with a repressor/operator interaction. However, this
repressor is relatively weak. As a result, the trp operon has another level of control, called attenuation,
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Operon is the major form of co-expression of neighborhood genes in most 
prokaryotes; there are, however, numerous examples in prokaryotes in which 
functionally related nonhomologous genes are found to be adjacent even when 
they are not part of an operon. Cluster of functional related genes that are 
conserved among bacterial genomes have been identified [31]. Yanai [45] 
discovered that neighboring genes in various genomes are also functionally related 
in genomes where they are not adjacent. This finding also suggests a correlation 
between gene proximity and function.  
Certain pairs of genes were found adjacent to each other in a broad range of 
bacterial species. Lathe et al. revealed that although operon and its individual 
genes and regulatory structures are rearranged in genomes of different species, 
gene neighbors tend to be somewhat conserved [23]. Genomic rearrangements 
invariably maintain individual genes in very specific functional and regulatory 
context.  
Genes in eukaryotes are generally not linked in operons. Primary transcripts in 
eukaryotes contain the transcript of only a single gene.  However, C. elegans, and 
presumably other nematodes, differ from all other eukaryotes in having a large 
fraction of their genes grouped in operons. It is estimated that about 25% of 
C.elegans genes appear in operons [46]. Nevertheless operons that have been 
detected in eukaryotes differ from those in prokaryotes. Eukaryotic polycistronic 
(mRNA carrying information for the synthesis of more than one protein) mRNAs 
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each polycistronic mRNA is processed into a separate mRNA (monocistronic) for 




2.2. Tandem Gene Duplication 
Another established mechanism leading to gene clustering is tandem gene 
duplication, which frequently happen in eukaryotes. Gene duplication is a 
particular kind of mutation that produces more than one copies of a gene. 
Clusters caused by tandem gene duplication are exemplified by globin gene 
cluster and Hox gene cluster. 
2.2.1. Globin gene cluster 
A set of duplicated genes that encode proteins with similar but nonidentical amino 
acid sequences is known as a gene family [15].  The α- and β-globin gene clusters 
are representative developmentally controlled complex multigene families. For 
instance, the β-globin family consists of five functional genes and two 
pseudogenes (Figure 6). All the hemoglobins encoded by the globin genes 
function to carry oxygen in the blood. However, each gene exhibits specific 
variations in function and functions in different developmental periods. The Є 
globin gene is normally expressed in the embryonic yolk sac while the γG and γA 
genes are expressed only during fetal development [26]. These hemoglobin 
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encoded by the β and δ genes. This increased binding ability allows the fetus to 
successfully extract oxygen from the blood without competing with the mother 
[11]. A remarkable property of globin gene cluster is that the order of the genes is 
basically the order in which they are expressed in development. This is not true 
for all developmentally controlled gene families [15].  
Two regions of the globin gene family contain nonfunctional sequences known as 
pseudogenes (diagonal lined boxes). These genes are similar to their functional 
globin gene counterparts but are no longer transcribed into mRNA because of 
changes in sequences that have occurred during the course of their evolution [11].  
 
    Adult   Fetal    Embryonic
Ψβ2 Є γG γA Ψβ1 δ β
Figure6. Human β-globin gene cluster on chromosome 11 
 
The Human β -globin gene cluster located on chromosome 11 is shown in the figure above.
The cluster consists of five functional genes (dotted boxes) and two pseudogenes (diagonal
lines). The functional globin gene code for a number of different forms of the same protein and
are expressed at different times in development. 
Study of the globin clusters in many different organisms gives some indication of 
how clusters arose and process evolution. Primitive fish, marine worms, and 
insects have a single globin gene, whereas in amphibians α and β genes are 
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different forms of both α and β genes, and the clusters are on different 
chromosomes. The α and β globin genes in humans are also clustered into the 
families. The β globin gene cluster is found on chromosome 11 and the α globin 
gene cluster is on human chromosome 16 [16]. The expression of these genes is 
co-ordinately regulated during development. The globin gene clusters are 
structurally very similar in all animals. Thus it has been postulated that the globin 
families originated from same ancestral gene through a series of gene duplications, 
mutations and transpositions. 
2.2.2. Hox gene cluster 
The Homeobox gene family plays a fundamental role in the developmental control 
of metazoan organisms. It mainly helps the establishment of anterior-posterior 
axis in the early development of embryo. Hundreds of homeobox genes have now 
been found.  Their phylogenetic distribution is wide including plants, yeast, 
vertebrates, etc.  
Homeobox genes in vertebrates are called Hox genes. They are presented in 
clusters on chromosomes. Mouse has 4 Hox clusters named HoxA, HoxB, HoxC, 
HoxD (Figure 7) on chromosome 6, 11, 15 and 2 respectively [37]. There are 9 to 
11 genes per cluster and each individual gene occupies on average 10kb space. 
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Figure7. Mouse Hox gene clusters 
      D1             D3      D4               D6                        D9     D10   D11    D12    D13
HoxD 
HoxC 
                           C4     C5      C6              C8     C9     C10   C11   C12   C13 
     B1     B2     B3      B4     B5      B6    B7      B8     B9  
     A1    A2     A3      A4     A5      A6    A7                A9     A10    A11            A13
HoxB 
HoxA 
Hox gene clusters in human and other mammals share several attributes with 
mouse. Firstly, all of the Hox genes are expressed and there are no identifiable 
pseudogenes. Secondly, the genes are all transcribed in the same direction [35]. 
Lastly, from the perspective of position and sequence similarity, the genes within 
a cluster appear in a colinear fashion, i.e. genes of greatest sequence similarity 
occupy identical serial positions along the cluster [28]. These features suggest that 
the mammalian Hox gene clusters have risen by cluster duplication. Large 
chromosome domains are probably involved in these gene duplications.  
The organization of Hox genes in four clusters on different chromosomes has been 
conclusively demonstrated by molecular cloning of genes from both humans and 
mice [38]. This pattern has also been found in chicken, Zebrafish and Xenopus 
[20], which suggests this genomic arrangement in the Hox gene cluster is most 
likely shared by all vertebrates [19]. Based on the colinear arrangement of similar 
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caused by successive duplications from an ancestral complex [36]. Entire gene 
clusters and probably larger genomic regions may have been involved in these 
duplication events.   
2.2.3. Mechanism for gene duplication  
Although there is no explicit explanation for gene duplication, unequal cross over 
is postulated to be the cause. Cross over is referred to a process normally during 
meiosis, the breaking of one maternal chromosome, resulting in the exchange of 
corresponding sections of DNA, and the rejoining of the chromosome. The 
process can result in the exchange of alleles between chromosomes. However, 
crossing over isn't always equally reciprocal. There are abundant repetitive DNA 
sequences in eukaryotic genomes. Many of those are concentrated at chromosome 
centromes and in heterochromatic regions but a great deal of them are in the form 
of interspersed repetitive DNA sequences. When repetitive sequences exist near 
each other on a chromosome, mismatched alignment of the two homologous 
chromosomes is more likely to happen, which will cause unequal crossing over 
[15] in the meiosis period. Unequal crossing over will result in the increases of 
repetitive DNA sequences as well as duplication of gene which lies between the 
repetitive sequences (Figure 8). As the number of repetitive segment sequences 
increases, the likelihood of unequal crossing over also increases, which will 
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Figure8. Unequal crossing over accounting for gene duplication 
 
 
During meiosis, chromosomes with duplications can pair incorrectly so that one repeat element of 
one chromatid pairs with a different element in another chromatid. Recombination can then lead to 
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2.2.4. Gene duplication as evolution process 
Gene duplication and subsequence functional divergence is believed to give rise to 
evolution related but functional distinct parologous genes in variety of vertebrate 
genome [18]. Ohno proposed that without duplicated genes the creation of 
metazoans, vertebrates and mammals from unicellular organisms would have been 
impossible [30]. Such big leaps in evolution required the creation of genes with 
previously nonexistent functions. Gene duplication produces redundant genes in 
the genome. The excessive genes are allowed to develop new function without the 
price of discarding an old one. Thus after duplication, one gene copy keeps the 
original function under evolutionary constraint, the other copy is allowed to 
develop mutation, which eventually becomes pseudogene or acquire novel 
function [27]. In early 50’s, Stephan proposed that the only way of achieving the 
evolution of new species, genera, and higher categories would achieve by 
increasing the number of genetic loci. The increase can come either from the 
synthesis of new loci from nongenic material or from the duplication and 



















Methods and Material 
 
We used a publicly available EST (Expressed Sequence Tag) database as a source 
of gene expression data. We extracted testes-expressed ESTs by means of 
keyword search. Mapping testes-expressed EST back to mouse genome and 
assembling overlapped ESTs to UniGene, we obtained testes-expressed gene 
expression profile (in later part of the work, gene mentioned is refer to UniGene). 
Also we output a table with the numbers of ESTs for each gene. To identify testes-
specific genes, we needed to eliminate the genes expressed in other tissues. With 
the assumption that most of the testes-specific genes develop after embryo phrase, 
we subtracted embryo-expressed gene expression profile from the testes-expressed 
one, only genes with positive EST number after deduction were considered as 
testes-specific genes. Embryo-expressed genes were produced in the same way as 
testes-expressed genes. Chi-squared (χ2) statistics were used to determine the 
statistical significance between the testes-specific genes versus all the genes on 
the chromosomes. The distribution of testes-specific genes was also compared 
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3.1. EST based method to identify differentially expressed gene 
clusters 
We use EST (Expressed Sequence Tags) to investigate gene expression. EST is a 
random chosen cDNA (complementary DNA). It is obtained by performing a 
single raw sequence read from a cDNA library of specific tissues and culture 
conditions. Therefore it is readout of mRNA sequences present in cell. cDNAs are 
synthesized from mRNA mixture present in tissue of interest using reverse 
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Once cDNAs are synthesized, they are cloned into a vector for sequencing. Usually, 
they are cloned in a known orientation, so that sequence can be derived from the 3' 
end of the message RNA or 5' end. Since full-length cDNAs are difficult to 
synthesize, different cDNA copies of the same mRNA may have different sequences 
at their 5' ends. Since multiple cDNAs of a particular mRNA give overlapping reads 
of mRNA sequence, they can be assembled into larger "contig" of mRNA sequence 
by alignments. 
Some ESTs from the same cDNA may differ in sequence, due to variations in 
mRNA splicing. EST sequences are assembled onto known full-length cDNAs 
from genbank. This assembly is called a UniGene (Figure 10). Once UniGenes 
determined, the EST can be used as a measure of gene expression within a tissue: 
numerous different ESTs will represent highly expressed genes; low expression 
genes will only rarely show up in random library of ESTs. 
 
Figure10. Clustering of UniGene 
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3.1.1. EST pool construction 
Mouse testes-expressed and embryo-expressed EST sequences were obtained 
from dbEST portion of GenBank 134. ESTs belong to mouse were extracted using 
keyword “Mus musculus” in the organism field. Keyword searches using the 
keyword “testis” and “testes” were carried on the feature table to select for testes-
expressed ESTs. We obtained 121693 testes-expressed ESTs and in the same way 
831721 embryo-expressed ESTs were abstracted. 
3.1.2. EST profiling 
We used the BLAT program that, through pairwise alignment, assigns each EST from 
the EST pool to a sequence in the Mus-musculus genome. “BLAT” is short for 
“BLAST-like alignment tool”. BLAT is similar to BLAST in many ways. The 
program scans for relatively short matches and extends these into high-scoring pairs. 
However, unlike BLAST which builds an index of the query sequence and scans 
linearly through the database in BLAST, BLAT builds an index of the database and 
then scans linearly through the query sequence [44]. Rather than having to linearly 
scan through a database of gigabases of sequence looking for index matches, BLAT 
only has to scan through a relatively short query sequence. This is responsible for the 
relatively high speed of BLAST compared with BLAST. The program was 
downloaded from http://www.soe.ucsc.edu/~kent. We used BLAT to find 104011 
testes-expressed ESTs and 774139 embryo-expressed ESTs alignments of the mouse 
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3.1.3. Testes-specific gene identification 
After mapping ESTs to the mouse genome, we obtained the position of each 
aligned EST on the genome. Then we assembled ESTs by first checking their 
positions to determine if two ESTs were overlapped. If they were overlapped, they 
would be joined together to form a cluster. This process went on until no more 
EST could be joined. Therefore an EST cluster is ideally a complete gene, which 
is referred to as UniGene (cluster of ESTs).  Thus we obtained the numbers of 
ESTs found for each transcribed gene. EST representation profile for testes is 
shown for each chromosome. Providing the number of ESTs is sufficient, such 
representation profile is reflection of transcriptional profile of the genome. The 
testes-expressed genes and later testes-specific genes all refer to UniGene 
assembled from overlapped ESTs. 
To identify testes-specific genes, we need to eliminate the genes expressed in 
other tissue types. We generated EST representation profiles for mouse embryos 
and subtracted them from the testes EST profile in order to get testes-specific EST 
representation profile. Only genes with positive EST numbers are kept as testes-
specific genes. To ensure that each gene assembled from ESTs is corresponding to 
an actual gene, BLAST was used to locate for homolog of these genes. The testes-
specific genes were translated into 6 reading frames and used for a BLAST search 
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having an E-value less than e-5 were retained. This resulted in 3449 testes-specific 
genes. 
 
3.1.4. Cluster definition 
We define positional clustering according to distance between genes. In a cluster, 
the distance between any adjacent two genes is less than 200kb. We also varied 
distance criteria between 100kb to 500kb and observed significant clustering 
(P<0.05). 
 
3.2. Removal of tandem repeats 
Cluster of co-expressed homologous genes could be explained by tandem 
duplication. To determine the number of tandem repeats within the clusters of 
testes-specific genes, we performed nucleotide BLAST homology searches using 
default BLASTN settings. A database consisting of all testes-specific UniGenes 
was created and each UniGene was used for a BLASTN search against this 
database. Repeated gene is defined if one UniGene’s BLASTN results indicate 
that there is another UniGene that shares an alignment that covers 85% of both 
genes and have at least 90% identity.  We kept one copy of the duplicated groups 
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3.3. Testify of significance of results 
 
3.3.1. Chi-squared (χ2) statistics analysis 
Chi-squared (χ2) statistics were used to determine statistical significance of testes-
specific gene clusters. Each chromosome was divided into classes (bins) that 
contain the number of genes in a window of 3Mb. For each 3Mb bin along the 
chromosome the number of genes expressed in the testes (observed value, O) and 
the total number of genes present on the chromosome was determined. The 
number of genes expected to be expressed in the testes (expected value E) was 
determined based on the proportion of genes, relative to the total number of testes-
specific genes on the chromosomes, found in the 3Mb region. Chi-squared values 
(χ2 total) were calculated by summing the χ2 value for each 3 Mb (χ2 bin) such 




                                                           χ2=∑ (O-E)2 /E 
 
O: Observed number of genes within each bin of 3M 
E: Expected number of genes within each bin of 3M 
E= (3M/Length of chromosome)* Number of testes-specific genes on the
chromosome  
egree of freedom is the number of bins minus one. From observed and expected 
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distribution would happen by chance and P<0.05 was used to assess statistical 
significance.    
3.3.2. Comparison with stochastic model  
We also constructed a model of stochastic distribution using random number 
generator to investigate whether the observed distribution of genes differed from a 
random distribution. EST profiling identified 3449 testes-specific genes, as described 
above. The random number generator produced 3449 random genomic positions. The 
proportion of genes found in clusters and the size distribution of clusters were 




























In this chapter, we will present our experimental results. Firstly we present testes-
expressed gene expression profile (before deduction of embryo-expressed genes). 
The second part is the testes-specific gene expression profile which is obtained 
after deduction of embryo-expressed genes from testes-expressed ones. The third 
part is the analysis of the distribution of testes-specific genes. Clustering of genes 
was observed. Approximately 61.3% of testes-specific genes are clustered 
(2114/3449) on the mouse genome. There are totally 753 clusters distributed on 
20 chromosomes. Chi-square test verifies the distribution of testes-specific genes 
differs greatly from the randomly distribution. And the testes-specific gene 
distribution we observed is also different from stochastic distribution produced by 
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4.1. Testes-expressed gene expression profile 
Testes-expressed gene expression profile was obtained by mapping testes-
expressed ESTs back to mouse genome and assembling these ESTs. Testes-
expressed gene is used to differentiate from testes-specific ones. The later refers to 
genes that only express in testes and nowhere else. We use expression profile of 





Figure11a. EST profiling reveals clusters of testes-expressed genes on chromosome7 
The vertical bars represent the distribution of ESTs on the chromosome, with the height of the bar
representing the frequency of ESTs in a certain position of chromosome.  The horizontal axis represents
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The following figures (Figure 11b) show the testes-expressed gene representations profile 
for 20 chromosomes of the mouse genome. Here, the Y axis represents the distribution of 
EST on the chromosome, with the height of the bar representing the frequency of EST in 
a certain position of chromosome; the X axis represents position on chromosome. EST 
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4.2. Testes-specific gene expression profile 
We assume that most of the testes-specific genes express after embryo phase in 
mouse. After removal of embryo-expressed genes, we get testes-specific genes 
expression profile. In total 3449 testes-specific genes were revealed on the mouse 
genome. We take chromosome 7 as an example (Figure 12a). Testes-specific gene 





Figure12a. EST profiling reveals clusters of testes-specific genes on chromosome 7 
The vertical bars represent the distribution of ESTs on the chromosome, with the height of the bar
representing the frequency of ESTs in a certain position of chromosome.  The horizontal axis































































Figure12b. EST profiling reveals clusters of testes-specific genes 
 
4.3. Analysis of testes-specific gene distribution 
From the testes-expressed genes expression profile, the following observations 
have been made: 
a. Density of testes-specific genes 
The testes-specific gene expression profile along the mouse genome shows that 
testes-specific genes are distributed on all the 20 chromosomes while the densities 
of gene distribution are rather diversified. The ratio (R) of observed number of 
genes via expected number is used to measure the density of gene distribution. 
The lowest density of testes-specific genes appears on chromosome 10 (R=0.88) 
and 11 (R=0.87). Chromosome 7 (R=1.26) and 13 (R=1.20) have quite higher 
density of testes-expressed genes than expected (Table 1). Within a chromosome, 
the distribution of testes-expressed ESTs also shows diverse densities. Our result 
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Table 1. Chromosomal distribution of testes-specific genes on mouse 
genome 
Number of genes  
Chromosome Observed(O) Expected(E)* 
Ratio 
(O/E) 
X 250 233 1.07 
1 258 288 0.90 
2 248 238 1.04 
3 191 205 0.93 
4 249 238 1.05 
5 230 219 1.05 
6 188 184 1.02 
7 219 174 1.26 
8 172 180 0.96 
9 156 145 1.08 
10 146 165 0.88 
11 160 183 0.87 
12 131 127 1.03 
13 150 125 1.20 
14 155 150 1.03 
15 106 114 0.93 
16 117 128 0.91 
17 136 134 1.01 
18 111 122 0.91 
19 76 84 0.90 
* Expected number of genes on every chromosome was based on 
chromosome size and on assumption of an even distribution of genes 
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b. Genomic location has impact on testes-specific gene expression 
We observed numerous groups of physically adjacent genes that shared strikingly 
similar expression levels. In eukaryotes, it is clear that the activity of a promoter 
can be modified by transcription factors binding to DNA sequence, which are 
located from hundreds to thousands of base pair from the promoter. Since the 
pattern of gene expression can be studied across the entire genome, more and 
more evidences show that besides being controlled individually, genes may also 
be regulated in a group.  For example, when transgenes are removed from their 
local environment and reinserted elsewhere in the genome, the transgenes tend to 
show varying levels of expression [41].  It has been established that variation in 
the density of chromatin within the nuclei of cells leads to different staining of 
section of chromosomes. The deeply staining material is called heterochromatin, 
and its lightly counterpart is called euchromatin [16]. In animals, heterochromatin 
is typically found near centromeres while other regions of low sequence 
complexity. The vast majority of eukaryotic genes are located in euchromatin and 
heterochromatic regions generally contain relatively inactive DNA, which doesn’t 
take part in transcription. The molecular mechanism of heterochromatin formation 
is not known. However, genetic and molecular analysis has shown that when 
DNA which contains an active gene is translocated from a euchromatic region to a 
heterochromatic region of a chromosome, the translocated gene usually becomes 
inactive and no longer transcribed. The phenomenon is called position effect [15].  
The facts that the regions of increasingly expressed gene do exist, gene are not 
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similar expression level make it more convincing that genomic location has 
impact on gene expression.   
c. Testes-specific genes show obvious clustering 
We define clusters using distance between two consecutive genes along the 
chromosome. If the start position of one testes-specific gene is within 200kb of 
another, we include them in a cluster. In total, 61.3% (2114/3449) of testes-
specific genes form 753 clusters on the mouse genome. To investigate whether the 
distribution of testes-specific genes differs greatly from the random distribution, 
we use χ2 to test the significance. Among the 20 chromosomes, most of them show 
obvious significant result (P<0.05) except chromosome X (P=0.1018) and 
chromosome 18 (P=0.2895) (Table 2), which means the possibility of observing 
such distribution is less than 0.05 on majority of the chromosomes.  We tested the 
significance of distribution of testes-specific genes according to following steps: 
 Step1. Hypothesis: 
Null = the distribution we observed on a chromosome should not be significantly different to what is 
expected by chance 
Step2. Set the level of significance: P=0.05 
Step3. Determine the degree of freedom, which is the number of bins on a chromosome minus one. 
Step4. Computation of χ2  for the chromosome using the following formula: 
                   χ2=∑ (O-E)2 /E 
Step5. Determine critical value of chi square χ2* , which is obtained from the Critical Values Table for the
Chi Square Distribution  
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The chi-square tests indicate that under the significance level of 0.05, the testes-
specific gene distributions on the chromosomes are significantly differ from what 
are expected by chance except on chromosome X and chromosome 18 (Table2). 
Table2: χ2 analyses on testes-specific genes clustering 
 














X 250 62.77 50 49 66.3387 0.1018 
1 258 102.62 66 65 84.8206 0.0014 
2 248 110.03 61 60 79.082 0.0000 
3 191 87.89 54 53 70.9934 0.0012 
4 249 85.20 51 50 67.5048 0.0008 
5 230 128.81 51 50 67.5048 0.0000 
6 188 78.52 51 50 67.5048 0.0050 
7 219 166.88 46 45 61.6562 0.0000 
8 172 68.68 44 43 59.3035 0.0065 
9 156 76.02 42 41 56.9424 0.0003 
 10 146 73.69 44 43 59.3035 0.0016 
11 160 69.94 41 40 55.7585 0.0015 
12 131 54.77 39 38 53.3835 0.0412 
13 150 82.15 40 39 54.5722 0.0000 
14 155 140.20 39 38 53.3835 0.0000 
15 106 57.93 35 34 48.6024 0.0051 
16 117 55.09 34 33 47.3999 0.0079 
17 136 78.57 32 31 44.9853 0.0000 
18 111 35.06 31 30 43.773 0.2895 




d. Compared with stochastic distribution  
Differences between stochastic distribution produced by a random number 
generator and the distribution revealed by EST profiling were observed both in 
number of genes included in cluster and in cluster size distribution. EST profiling 
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mouse genome, this is in contrast to a stochastic distribution where only about 
40.2% (1385/3449) genes are clustered (Table 3). The difference between these 
two data sets is considerable. In addition, EST profiling testes-specific gene 
clusters also shows obvious difference in cluster sizes from stochastic distribution 




Table 3. Comparison with stochastic distribution 
Chromosome Observed number 
of clustered genes 
Stochastic number 
of clustered genes 
Total testes-specific 
genes on the 
chromosome 
X 170 123 250 
1 152 96 258 
2 145 104 248 
3 116 62 191 
4 168 109 249 
5 150 109 230 
6 112 80 188 
7 162 98 219 
8 104 61 172 
9 90 59 156 
10 78 68 146 
11 91 62 160 
12 72 34 131 
13 91 45 150 
14 95 49 155 
15 57 52 106 
16 64 47 117 
17 92 56 136 
18 65 30 111 





































Figure13.  Cluster size distribution compared with stochastic model 
 
X axis represents cluster size (number of genes in a cluster). Y axis indicates the number o
clusters. The height of the bars of series 1 represents the numbers of testes-specific gene clusters
of corresponding size revealed by EST profiling. And the height of the bars of series 2 represents
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Figure14. Comparison with stochastic distribution on individual chromosome 
 
 
X axis indicates chromosome number; Y axis indicates number of genes in cluster on each
chromosome; The height of the bars of series 1 is observed number of genes in cluster on each
chromosome; The height of the bars of series 2 is in stochastic distribution the number of genes in























It seems that in most eukaryotes, the transcription factor machinery is sufficient 
for ensuring co-regulation so that co-localization of genes in the genome is not a 
necessity. However, there could exist some degree of selection for keeping co-
regulated genes clustered in the same region on a chromosome, for instance, to 
make them available to transcription more efficient as a group. 
Clusters in eukaryotes have been divided into two types according to the 
mechanism of its formation.   
5.1. Clusters due to tandem gene duplication  
In this case, clustering of co-expressed genes is due to tandem duplication. Gene 
duplication and subsequent divergence of amplified copies result in an array of 
paralogues that may retain common regulatory element. This type is exemplified 
by the Hox gene cluster [35]. From the testes-specific EST representation graph, 
we can observe that besides co-expressed adjacent gene pairs, there exist larger 
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represent the major mechanism of non-incidental formation of the two-gene 
clusters, they cannot account for the observed clusters of three or more genes. 
However, we wonder to what degree the tandem gene duplication contributes to 
the clustering of co-expressed genes. To determine the number of paralogues 
within the clusters of testes-specific genes, we performed nucleotide BLAST 
homology searches using default BLASTN settings.  Duplicated genes were 
defined if their sequence similarity was beyond 85%. Duplicated genes were 
identified in every chromosome. They accounted for about 25% the total two gene 
clusters. After removal of tandem repeats, we again, test the significance of 
clustering on every chromosome. The χ2 analysis result (Table 2) shows 
significant (P<0.05) except on chromosome X (P= 0.5098), chromosome 1 
(P=0.0759) and 18(P=0.8417). Notice that the χ2 analyses before and after 
deduction of duplicated genes are different (Table 4). Chromosomes X and 18 are 
most greatly affected by deduction of duplicated genes. This fact suggests that 
considerable portion of the clusters on chromosome X and 18 are due to gene 
duplication. In contrast, on chromosomes 2, 3, 5, 7, 13, 14, 15, 17, and 19, 
deduction of duplicated genes almost has no effect on the statistics analysis result. 
Summarily, on chromosomes except for X and 18, the clusters of testes-specific 
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 Table 4: χ2 analyses of gene clustering after removal of duplicated genes 
















X 234 49.42 50 49 0.5098 0.1018 
1 247 82.67 66 65 0.0759 0.0014 
2 245 104.90 61 60 0.0001 0.0000 
3 189 87.18 54 53 0.0012 0.0012 
4 233 72.49 51 50 0.0203 0.0008 
5 214 110.49 51 50 0.0000 0.0000 
6 184 71.97 51 50 0.0226 0.0050 
7 208 152.37 46 45 0.0000 0.0000 
8 167 64.62 44 43 0.0175 0.0065 
9 152 69.60 42 41 0.0025 0.0003 
10 142 71.56 44 43 0.0030 0.0016 
11 159 66.97 41 40 0.0036 0.0015 
12 128 54.09 39 38 0.0477 0.0412 
13 144 80.47 40 39 0.0000 0.0000 
14 149 104.03 39 38 0.0000 0.0000 
15 106 57.93 35 34 0.0051 0.0051 
16 114 53.05 34 33 0.0140 0.0079 
17 135 80.46 32 31 0.0000 0.0000 
18 100 23.26 31 30 0.8417 0.2895 
19 76 70.72 21 20 0.0000 0.0000 
 
Chromosomes X and 18 present rather unusual gene distribution compared with 
the other chromosomes. The number of genes found in the clusters does not differ 
greatly from the random gene distribution. Before removal of duplicated genes, 
the testes-specific gene clustering is not significant on chromosome X (P=0.1018) 
and 18 (P=0.2895). After the removal of duplicated genes, chromosome X and 18 
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(P=0.8417). Alexander et al. have revealed similar finding on distribution of 
testes-specific genes on Drosophila X chromosome [1]. This agreement implies 
uniqueness in the X-chromosome gene regulation in male development, possibly 
owing to the dosage compensation [29]. Organisms with an XX/XY sex-
determination system needs to equalize the activity of X-linked genes in the two 
sexes, this process is referred to as dosage compensation. In mammals, this 
problem is solved by randomly inactivating one of the two X chromosomes in 
females; each female therefore has the same number of X-linked genes as a male. 
In Drosophila, none of the two X chromosomes is inactivated and this problem is 
solved by hyperactivating genes on the single X chromosome in males [10]. The 
unusual tissue specific gene distribution on X chromosome both in mouse and 
Drosophila genome suggests that although the mechanisms of dosage 
compensation in mouse and Drosophila are different, they have an important 
feature in common: many different genes are coordinately regulated because they 
are on the same chromosome. This chromosome wide regulation is superimposed 
on all other regulatory mechanisms involved in the partial and temporal 
expression of there genes.  However, the mechanism of exceptional performance 
of chromosome 18 is still unknown. 
Mouse genome is enriched of large clusters of testes-specific genes. The cluster 
size distribution is illustrated in Figure 15. Clusters due to gene duplication only 
accounts ¼ of the total number of two-gene clusters. The detailed data is listed in 
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   Figure15. Cluster size distribution 
ouse genome is enriched of large clusters of non-homologous testes-specific genes. Cluster size is
 number of genes per cluster. The height of the bars of series 1 represents the number of testes-
ecific gene clusters of corresponding size revealed by EST profiling. Bar of series 2 represents the
mber of clusters due to duplicated genes. Clusters due to gene duplication only accounts ¼ of the
al number of clusters. The figure reveals besides gene duplication, there exist considerable
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Table 5. Cluster size distribution and cluster due to tandem gene 
duplication        




          Chr 
2 3 4 5 6 7 >7 Number of clusters due 
to Duplication 
X 34 13 8 3 1  1 10 
1 27 13 6 2 3 1  9 
2 31 13 2 2 2 2  3 
3 19 7 4 1 1   2 
4 33 13 5 5   2 15 
5 30 11 7 4   1 12 
6 34 4 4 2 1   4 
7 28 13 8 1  1 2 9 
8 25 4 4 4 1   5 
9 16 10 2 4    4 
10 15 9 1 1 2   4 
11 18 10 1 3 1   1 
12 14 6 2 3    2 
13 21 8 1 3 1   5 
14 16 6 5 2 1 1 1 6 
15 20 4  1    0 
16 11 10 3     2 
17 16 5 2 2 3  1 1 
18 15 3 3 1   1 9 
19 13 1 1   1  0 
Total 436 173 69 41 19 6 9 103 
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5.2. Non-duplicated clusters of genes 
There are presently two explanations for the non-duplicated gene clustering. One 
interpretation of the result is incidental expression; the other is chromatin domain 
model. 
5.2.1. Incidental expression 
Eukaryotic genes are primarily regulated by transcriptional activators. These 
activators are transcription factors. Eukaryotic genes have promoters that are 
recognized by basal transcription factors. In addition to promoter, eukaryotic 
genes have one or more enhancers. Enhancer is a cis-regulatory sequence that can 
elevate levels of transcription from an adjacent promoter. Many tissue specific 
enhancers can determine spatial patterns of gene expression in higher eukaryotes. 
Enhancers can act on promoters over many tens of kilobases of DNA and can be 
5' or 3' to the promoter they regulate. Enhancers are differentiated from promoters 
by their ability to act over thousands of base pairs, and either upstream or 
downstream of a gene. Promoter is responsible for initiating low levels of 
transcription and determining the transcription start site, enhancers are responsible 
for increasing (“enhancing”) transcription levels, and they are responsible for 
regulating cell- or tissue-specific transcription [26].  
In this model, co-regulation within an expression neighborhood is due to 
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(Figure16). When enhancer binds at the appropriate sites and activates nearby 
genes as well as the target gene, the groups of neighborhood genes and the target 
gene tend to express together. In this case sites that bind strong transcriptional 
activators should create new neighboring co-expressed genes. Enhancers have a 
limited range of effect [9]. So if strong activator is the reason, the expression of 
neighborhood genes should show a steep decrease as the distance from its binding 
site grows, which performs an expression pattern of ‘Ridge’. This is concert with 
some of our findings on EST profile (Figure 17) but can not account for all.  
 
expression of neighbouring genes is determined by proximity to the target gene and is expected to
decrease with distance from the target gene (line at the top of panel indicates the gene expression
profile across the neighbourhood is ri
Figure16. Incidental expression account for gene clustering 
 
Incidental regulation: A transcription factor (grey round), generally enhancer, binds at a target gene





















                                                 Figure17. Example of “ridge” expression pattern 
 
 
The box is ridge region of expressed testes-specific genes neighbourhoods. When transcription factor
binds at the appropriate sites and activates nearby genes as well as the target gene, the groups of 
neighbourhood genes and the target gene tend to express together. The ridge has a peak gene (target 
gene of the transcription factor) which performs rather higher expression than its neighbourhood 
genes. As the transcription factor has a limited range of effect, with the growth of the distances fro
its binding site, the effect of transcription factor tends to decrease, so that the expression o
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5.2.2. Chromatin domain model 
In both prokaryotes and eukaryotes, the expression of a gene needs RNA 
polymerase to bind to the promoter. In regulation of transcription in prokaryotes, 
availability of the promoter for binding of RNA polymerase is critical, and in 
negatively regulated operons the binding of a protein (a repressor) to an operator 
is often sufficient for prevention of transcription. In eukaryotes DNA does not 
exist as a free molecule but is tightly bound to histones. This combination of DNA 
and histone protein is referred to as chromatin. Chromatin is essentially a 
repressive environment for transcription factors. So the question of how RNA 
polymerase can contact with promoters is an important one [16]. In the last few 
years, more evidences indicated that the chromatin structure of eukaryotic genes is 
a crucial regulatory layer during development. And how these repressive forces 
are overcome during the process of gene expression has become a focus. 
Is the transcriptionally active DNA more ‘open’ than nontranscribed DNA? This 
is answered by measuring the sensitivity of DNA in chromatin to the action of 
pancreatic deoxyrihonuclease I (DNaseI), an enzyme that cleaves DNA molecules 
and degrades them into their component nucleotides [16, 26]. It has been found 
that transcriptionally active DNA is more sensitive to DNaseI than nontranscribed 
DNA.  
The alternative interpretation of clustering is that gene clusters may correspond to 
regions of “open” chromatin. This explanation is called chromatin domain model. 
In mammalian genomes, gene clusters, as seen, are on a much larger scale (Mb 
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It has been observed that frequently, expressed gene or gene clusters are more 
accessible to the action of DNaseI or other endonucleases than inactive genes [26]. 
The increased DNaseI sensibility is not restricted in coding region, but extends to 
5’ and 3’ flanking region. This increased nuclease accessibility has been referred 
to as an ‘opening’ chromatin. Presently the biochemical basis for this increased 
accessibility of expressed genes is little understood. However, it has been found 
that a biochemical modification of chromatin caused by histone acetylation may 
contribute to increased DNaseI sensitivity. For example, the domain of increased 
DNaseI sensitivity of chicken β-globin genes precisely coincides with the regions 
of increased histone acetylation [17]. 
The chromatin domain model supposes that the opening of the chromatin of an 
entire cluster depends on activation of a target gene within the cluster. Initial 
transcription of a gene will lead to changes in the structure of surrounding 
chromatin, which will make promoters of genes in the neighbourhood accessible 
to RNA polymerase, thus triggers transcription. Such a domain could account for 
the square wave profile (Figure 18). In our observation, some neighborhoods 
perform an expression pattern of ‘square wave’ and genes within a co-expressed 
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Figure18. Structural domain model account for gene clustering 
A structural domain model: a discrete 'open' chromatin domain is created as a result of activation of a
target gene within the domain. Flanking boundary or insulator elements (white ovals) define the




















                                             Figure19. Example of ‘square wave’ expression pattern 
 
The boxes are regions of ‘square wave’ expression. Genes within the regions were almost equally 
expressed and there’s no obvious peak gene.  
 
 
As is pointed out by Brian [4], a domain of open chromatin structure would make 
promoters and enhancers of all the genes in the neighborhood available to the 
transcriptional machinery, resulting in correlated increases in expression. A 
problem with this model is that increased chromatin accessibility is probably able 
to facilitate the binding of repressors as activators, so that expression of some 
genes would be increased and some decreased. This is not consistent with co-
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basal (that is, non-activated) expression, there could be a general increase in 
transcription of all the genes in the neighborhood. For example, modification of 
the chromatin of the male X chromosome in Drosophila results in global up-
regulation of gene expression [32].  
We believe our findings can most be explained as regulation at the level of 
chromatin structure, for the following reasons. First, the regions showing 
similarities in expression are quite large; each gene presumably has its own core 
promoter. Second, one or two genes in a group often display a high level of 
differential expression. If the chromatin in a region of the chromosome that 
contained many genes was ‘opened’ so that a single target gene could be 
expressed, it might increase the accessibility of the promoters and enhancers of 
other genes to the transcriptional machinery, leading to corresponding increases in 
their expression. Thirdly, the “square wave” expression pattern of testes-specific 
genes was universally observed in the mouse genome. Such a chromatin domain 
model could accord with the observations we have made. 
Although the organization of neighborhoods along a chromosome indicates that 
there must be regulatory structures, no clear known structures correlate with the 
neighborhood coexpression. The structure basis of positional gene clustering is 
still under investigation. Recently, considerable effort has been made to identify 
the regulatory requirements for tissue-specific, high-level expression of genes. It 
has been investigated that the Locus Control Regions (LCR) are important DNA 
elements related with DNaseI sensitivity in the activation of gene expression. LCR 
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with gene clusters and they have been assumed to control a variety of 
developmentally regulated genes [13].  
In the human β-globin genes, several DNaseI hypersensitive sites are located 
upstream of the genes, in a 15kb long Locus Control Region (LCR). LCR is found 
to have transcriptional enhancer activity. The high-level tissue-specific expression 
of β-globin genes depends on sequences embedded in the LCR. Studies with 
transgenic mice indicate that the LCR is not simply a large collection of enhancers 
that exert control over the various β-globin genes [10]. The LCR must be situated 
upstream of the β-globin genes and in its natural orientation in order to control 
gene expression properly. That is, it functions in an orientation-dependent manner, 
while enhancers typically function in an orientation-independent manner. The 
LCR distinguishes itself from simple enhancers in one feature: it can control β-
globin gene expression when the entire cluster of genes (LCR plus β-globin genes) 
is inserted in a different chromosomal position [10]. By contrast enhancers often 
fail to function when they and their associated genes are transferred to a different 
location. Thus, the LCR seems to insulate the β-globin genes from the influence of 
the chromatin around them. 
The human β-globin LCR is a characterized example for LCR function. The β-
globin LCR consists of five strong DNaseI Hypersensitive Sites (DHS), HS1-HS5. 
Experiments have approved that deletion of individual DHSs does not affect the 
expression level of the β-globin genes in their natural chromosomal location. This 
indicated that the complete LCR is not necessary for the establishment of DNAseI 
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general reduction of expression level of all globin genes within a cluster. These 
results suggest there could be other regulatory elements involved in the generation 
of “open” chromatin. The tissue-specific gene clusters should probably be 
regulated in multiple pathways and hierarchies. What these elements are and their 
structure is still under exploration. 
What does positional clustering of genes mean for the organism? One possibility 
is that it has no evolutionary meaning. Spellman suggests that although expression 
domains reveal some sort of structural feature, only one or a few genes in the 
neighborhood are real targets. In a microarry experiment, the “interesting” genes 
are often identified accompanied with a number of “trashy” ones. It is deduced 
that the inappropriate expression of gene neighbors does no harm thus is tolerated. 
The sequencing of eukaryotes genomes will allow us to determine whether 
neighborhood structures are maintained unaltered through evolutionary time. If 
the gene clustering are less often broken by inversions than other non-
neighborhood regions of the genome (assuming that there are indeed any non-




























We revealed positional clustering of testes-specific genes on mouse genome by 
means of EST profiling. Our analysis implied that two-third of testes-specific 
genes were clustered in the mouse genome (2114/3449). A significant trend to 
large clusters (more than 3 genes) was discernible. After removal of duplicated 
genes, clusters of non-homologous, co-expressed testes-specific genes were also 
been found on most of chromosomes except for chromosome X and chromosome 
18.  Positional clustering of co-expressed, non-homologous genes has been 
reported in nematode and in mammals. This indicates that the trend is common in 
higher eukaryotes. Cluster of tissue-specific genes as well as house-keeping genes 
on large range suggests that there exist higher order in regulation of gene 
expression, most probably due to the chromatin domain.  
From this fascinating starting point we can expect further insights into the 
significance of clustering of co-expressed genes and the mechanisms that generate 
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